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The military is increasingly reliant on communication networks for day-to-day 
tasks as well as large-scale military operations. Tactical communications networks are 
growing progressively more complex as the amount of information required on the 
battlefield increases. Communication planners require more advanced tools to perform 
and manage signal-planning activities. This work examines the use of 3D visualizations 
to assist in tactical signal planning. These visualizations are developed using Virtual 
Reality Modeling Language (VRML), Extensible 3D (X3D) graphics, and Distributed 
Information Simulation (DIS) for network connectivity. 
These visualizations and the connectivity provide signal planners the ability to 
generate 3D scenarios quickly identifying problems such as frequency interference, 
connectivity problems, and marginal-coverage areas. Network connectivity also provides 
a collaborative planning environment for geographically dispersed units. 
The NATO Global Hub Land C2 Information Exchange Data Model (LC2IEDM) 
is a semantic model designed for information passing between systems. This work also 
examines LC2IEDM for its ability to represent tactical communication plans and 
facilitate the autogeneration of 3D scenarios. 
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I.       INTRODUCTION 
A. THESIS STATEMENT 
Virtual Reality Modeling Language (VRML) and Extensible 3D (X3D) graphics 
provide a framework that can be used to visualize tactical radio communications in a 
three-dimensional (3D) battlespace. These visualizations can enhance both the 
communication planning process and battlespace awareness. 
B. OVERVIEW 
The development of Large-Scale Virtual Environments (LSVEs) representing a 
military battlefield has long been the goal of military researchers. Such LSVEs allow 
distributed users to view training and operational situations in 3D. These environments 
can facilitate more realistic training and increased battlespace awareness by allowing 
users to view the total situation from any vantage point in a realistic fashion. 
Rapid rendering of high-resolution 3D models previously required specialized 
graphics hardware that was prohibitively expensive for adoption on a large scale. As 
computer power has increased however, interactive 3D models are now able to run on 
commodity personal computers (PCs). This thesis demonstrates 3D tactical 
communication visualizations and models that can be integrated into LSVEs for signal 
planning and battlespace awareness. 
Computer networks have grown larger and more complex in the past several 
years. Military tactical networks are no exception. Military operations are increasingly 
dependent on information and networks as forces shift to Network Centric Warfare 
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(NCW) (Cebrowski, 1997). Tactical radio networks provide operational capabilities for 
mobile, dispersed units where no fixed infrastructure exists. Such networks increasingly 
contain interconnections of multiple sites using different types of equipment. 
One challenge in utilizing tactical radio networks is the ability for the 
communications planner and commander to understand the complex organization of the 
network. Current planning systems use two-dimensional (2D) cartographic 
representations of the three dimensional (3D) operations space. By creating a 3D model 
of a communications plan, the planner can view the plan as a whole from different 
perspectives. The planner can also convey this information to other communicators and 
the operators they are supporting. 
Virtual Reality Modeling Language (VRML) is a Web-based graphics language 
for creating 3D models. VRML allows user interaction with a scene through navigation 
controls and predefined viewpoints. One of the key features of VRML is it is a non- 
proprietary ISO standard designed for use over the World Wide Web (VRML, 1997). 
Extensible 3D (X3D) is the next generation specification of VRML (Extensible 
3D Task Group, 2001). It incorporates Extensible Markup Language (XML) encoding of 
the VRML97 specification (World Wide Web Consortium (W3C), 1997). X3D provides 
the benefits of extensibility, componentization, and the ability to developed well-formed 
and validated scene graphs. X3D is backwards compatible with the VRML97 
specification. 
The VRML / X3D languages contain a rich set of tools for visualizing 
information. The VRML /X3D graphics palette includes shapes, colors, textures, 
luminescence, and animations that can be used to create 3D scenes. VRML / X3D is 
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used extensively throughout this thesis to create exemplar models illustrating potential 
solutions. 
The systems capability to portray a common representation for operational and 
planning data facilitates increases interoperability. The North Atlantic Treaty 
Organization (NATO) Land C2 Information Exchange Data Model (LC2IEDM) proposal 
is a data model for exchanging information between systems (NATO, 2000). It is an 
attempt to have all NATO countries implement a common method for exchanging data 
between independent systems. This could prove useful for the autogeneration of 3D 
visual planning models. The Generic Hub will be evaluated will be examined with 
respect to its communication object representation. 
C. OBJECTIVES 
The objective of this thesis is to demonstrate the viability of using Virtual Reality 
Modeling Language (VRML) and Extensible 3D (X3D) graphics to create a 3D 
battlespace for visualizing tactical communications. To develop a tactical 
communication visualization framework, the following components must be developed: 
• VRML Prototype libraries representing the different communication 
systems that can be added to other virtual environments 
• Scientific visualization approach to rendering communications links 
• Realistic tactical battlefield in VRML for display of communication 
systems 
D. ORGANIZATION OF THESIS 
This thesis is organized as follows: 
• Chapter II: Background. This chapter introduces the relevant 
components for the creation a 3D visualization framework. It also 
discusses some of the tools currently being used for military visualization. 
Operation and communication planning methodologies are also 
examined. 
• Chapter III: Extensible Markup Language (XML), Virtual Reality 
Modeling Language (VRML), and Extensible 3D (X3D). This chapter 
provides an in-depth look at the underlying tools used to create 3D 
visualizations for the web. 
• Chapter IV: Scenario Visualization. This chapter describes the 
process of scenario visualization by examining tactical communication 
systems. 
• Chapter V: Parameter Visualization. This chapter describes the 
process of individual signals visualization using IEEE Distributed 
Interactive Simulation (DIS) specification. 
• Chapter VI: Operations and Communications Planning. This chapter 
examines the military methodologies for operation and communications 
planning. 
• Chapter VII: Modeling Communications Planning and Operations 
Using the NATO Land C2 Information Exchance Data Model 
(LC2IEDM). This chapter examines the LC2IEDM for suitability of 
representing tactical communication planning and operations. 
• Chapter VIII: Demonstration of Results. This chapter describes, 
presents, and evaluates the communication visualizations produced during 
this thesis. 
• Chapter IX: Conclusions and Recommendations. This chapter 
summarizes the conclusions and recommendations for future work on 
tactical communication visualization. 
THIS PAGE INTENTIONALLY LEFT BLANK 
II.      BACKGROUND AND RELATED WORK 
A. INTRODUCTION 
This chapter reviews the fundamental concepts and technology underlying 3D 
visualization of communication signals. This chapter introduces the tools and 
technologies used within this thesis for generating 3D visualizations. It also presents 
some of the current communications planning systems that are used within the 
Department of Defense. A brief overview of military operations and communication 
systems planning tools are also presented. 
B. TECHNOLOGY 
This section provides a brief introduction to some of the technology that enables 
3D visualization and battlefield simulation using computer networks.   These tools are 
Extensible Markup Language (XML), Virtual Reality Modeling Language (VRML), the 
next-generation VRML encoding Extensible 3D (X3D), and Distribute Interactive 
Simulation (DIS), the distributed networking simulation standard. These computer 
languages and protocols allow for the description of shared 3D models and the 
distribution of simulation information over computer networks. 
1.        Extensible Markup Language (XML) 
Extensible Markup Language (XML) is a markup language and World Wide Web 
(WWW) standard defined by the World Wide Web Consortium (W3C). XML is a 
markup language that provides structural information for documents. This structure 
defines the precise roles and relationships in which the information must follow within 
the document. A markup language defines the structure of a particular document. The 
XML specification defines a standard way to add markup to documents (Walsh, 1998). 
XML differs from other markup languages because it does not directly specify how 
information is to be presented, but rather defines the structure (and thus semantics) of the 
information. 
2.        Virtual Reality Modeling Language (VRML) / Extensible 3D (X3D) 
The Virtual Reality Modeling Language (VRML) is a descriptive computer 
language designed to facilitate the creation of 3D objects and worlds. VRML is similar 
to the Hypertext Markup Language (HTML) in that it allows viewing and user interaction 
using a standard web browser. VRML 97 is the current published International Standards 
Organization (ISO) standard for the VRML language. Extensible 3D (X3D) is the next- 
generation VRML specification. X3D extends the functionality of VRML by rewriting 
the VRML code with an XML encoding and adding new nodes. 
3.        IEEE Distributed Interactive Simulation (DIS) 
Distributed Interactive Simulation (DIS) is a government/industry/academic 
initiative, maintained by the Institute of Electrical and Electronic Engineers (IEEE), to 
define the infrastructure linking distributed simulations. The DIS standards are contained 
in the IEEE 1278 family of documents. The DIS Application Protocols in IEEE 1278.1- 
1995 contain communication protocols used to standardize the way information about a 
simulation is passed between computers on the simulation network. DIS protocols also 
specify the way information is packetized and transmitted 'over-the-wire' of the network. 
The DIS protocols are an outgrowth of simulator-network (SIMNET) research 
completed for the Defense Advanced Research Projects Agency (DARPA). Bolt, 
Beranek, and Newman conducted SIMNET research in the late 1980s. SIMNET's goal 
was to create a virtual battlefield by linking numerous computers together. The DIS 
protocols have drawn on the experience and lessons learned from SIMNET. 
DIS is designed for both interactivity and distributed computing on different types 
of computer operating systems and networks architectures. Simulations will proceed 
correctly as long as each computer has implemented the DIS protocol correctly. The DIS 
standard specifies a set of messages or Protocol Data Units (PDUs) that contain ordered 
data fields conveying state information about the entities in the simulation. The state 
information fields are states such as speed, location, orientation, and acceleration for 
simulated entities. DIS packets usually rely on multicast for the network transport 
protocol. Multicast reduces the number of redundant packets sent over the network 
through the use of traffic grouping techniques, thus reducing the overhead of the 
simulation. 
Ongoing work with DIS can be found in several symposia series, including: IEEE 
International Workshop on Distributed Simulations and Real Time Applications. 
C.        COMMUNICATION TOOLS 
The next section details several communication planning and visualization tools 
currently being used within DoD. The tools are System Planning, Engineering and 
Evaluation Device (SPEED), Mobile Subscribe Equipment- Network Planning Tool 
(MSE-NPT), Satellite Toolkit (STK), and the Edge Product Family. This thesis surveys 
these available tools and examines their ability to visualize radio signals in 2D or 3D. 
1.   U.S. Marine Corps System Planning, Engineering and Evaluation Device 
(SPEED) 
The System Planning, Engineering and Evaluation Device (SPEED) was designed 
for the U.S. Marine Corps (USMC) by the Marine Corps Tactical Systems Support 
Activity (MCTSSA) (SPEED, 2000). SPEED is PC-based program designed to run 
under Microsoft Windows. SPEED is an integrated set of tools used by communication 
planners to generate communication scenarios on a virtual 2D map. 
SPEED utilizes terrain data, user-inputted parameters, and physics-based analyses 
to predict communications circuit status of up, down, or marginal. The program contains 
the predefined characteristics for many of the radios military units employ. SPEED can 
also perform coverage analyses for ground and satellite emitters within the 2D map view. 
The SPEED suite of tools includes the SPEED Path Profiler, SPEED Point-to-Point, 
SPEED Radio Coverage Analysis, SPEED Satellite Planner, SPEED High Frequency 
Communications Planner, and the Topographic Manager. 
The SPEED Path Profiler is a map-based application that uses digital terrain data 
to generate 2D maps. The Path Profiler is the display mechanism for the Point-to-Point, 
Radio Coverage Analysis, and Satellite Planner. The Point-to-Point Planner uses a 2D 
map for radio placement selection. The program calculates line of sight characteristics 
and probabilistic communications link margins of good, marginal, or down. Radios can 
be manually repositioned to find the best locations for placement. 
The Radio Coverage Analysis tool predicts the expected range and area of radio 
coverage and displays the area of coverage. Planners are able to view the area of radio 
coverage for a single radio as well as the common radio coverage for two or more radios. 
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This tool also determines the coverage for a Position Locating and Reporting System 
(PLRS) network with PLRS Area Analysis tool. 
The Satellite Planner is used to plan and evaluate satellite links based on proposed 
locations for satellite communication terminals. Satellite Planner can operate with both 
geostationary and non-geostationary satellites. The Topographic Manager is designed to 
manage the use of Digital Terrain Elevation Data (DTED) obtained from the National 
Imaging and Mapping Agency (NIMA). DTED is elevation data available for much of 
the earth's surface at differing resolutions. Topographic Manager processes the DTED, 
which is then used for line-of-sight (LOS) calculations throughout the SPEED program. 
2.   US Army Mobile Subscriber Equipment - Network Planning Terminal 
(MSE-NPT) 
The US Army Mobile Subscriber Equipment (MSE) - Network Planning 
Terminal (NPT) is a set of radio-profiling software and hardware that was developed 
under a contract for the CECOM (MSE-NPT, 1997). All Army tactical units that have 
MSE transmission equipment use MSE-NPT. Some Air Force tactical communication 
units also use MSE-NPT. 
MSE-NPT provides the communication planners an object-oriented approach for 
creating communication plans. Operators create networking plans using the 2D graphical 
user interface (GUI). The operator must have knowledge of the specific radios and their 
capabilities. Once a user has completed a network design with specific locations for the 
transmission equipment, MSE-NPT will provide a detailed analysis of the network using 
terrain profiling. The detailed analysis includes link margins, propagation loss, path 
reliability, FRESNEL zone clearance, multi path effects, and climate factors. MSE-NPT 
uses NIMA DTED products to calculate terrain effects on user-designed networks. MSE- 
11 
NPT outputs its findings using on a 2D color display with the network overlaid on the 
terrain map. 
3.   Satellite Tool Kit (STK) 
Satellite Tool Kit (STK) is a space and communication planning and visualization 
tool suite designed by Analytical Graphics, Inc (AGI, 2001). Primarily designed as a 
satellite and space design and evaluation tool, STK has been consistently upgraded to 
incorporate communication, radio, and command and control modules. STK is the core 
tool of the software suite. It is designed to run on a PC or Unix platform. The STK core 
software tool has been recently released as freeware software product with some 
additional modules available for a fee. STK is available at (www.stk.com). 
The STK core tool is used throughout the Department of Defense Space Units for 
analysis of all types of space missions. STK provides modeling and visualization for 
these mission types. It also provides modules for communications and enhanced 
visualization. STK also supports DIS networking. 
The communication module (STK/Comm) provides analysis of the quality of 
communication links. The three main functions of the Comm module are to: provide 
link analyses for all orbit types, including geostationary and Low Earth Orbiting (LEO) 
spacecraft; generate contour plots of critical communications parameters; and model 
radio interference (AGI, 2000). As military communications systems become more 
complex with communications reachback and tactical satellite use, the end-to-end 
analysis of communications systems is increasingly important. 
The STK visualization module (STK/VO) is designed to provide both 2D and 3D 
communication and space scenarios. The STK / Advanced VO module also provides 
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high definition 3D imaging for video production and terrain visualization. STK/VO is 
also capable of performing scenario fly through to visualize relationships between objects 
within a scenario. 
4.  Edge Product Family by Autometric, Inc. 
Autometric, Inc. (acquired by Boeing in August, 2000) developed a 2D and 3D 
visualization and analysis toolkit called the Edge Product Family. The Edge Product 
Family is a Microsoft Windows-based platform providing Battlespace Situational 
Awareness, Intelligence Analysis, Decision Support, and Intelligence Surveillance 
Reconnaissance Collection Support.  Edge is tightly coupled with Microsoft Office 
products to facilitate data interchange. 
Edge consists of tools designed to model, simulate, and visualize weather, 
battlefields, space, and all types of user data. These products can be used to generate 2D 
or 3D visualizations of users' information or information created from Edge simulations. 
The Edge toolkit contains the following tools: BattleScape, a 3D situational-awareness 
tool; Omni, 3D modeling, simulation, and visualization package for user-defined 
interactions of objects; and Wings, a 2D or 3D mission-rehearsal tool. The visualization 
upgrades allow map and imagery data, terrain models, and weather phenomena to be 
incorporated into the 3D scenes. All of these products can be used together to create 
complex visualizations of the battlefield. Figure 2.1 shows a possible combination of 
mapping and terrain products with visible coverage areas for satellites and aircraft. 
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Figure 2.1       BattleScape Visualization Scene Showing Coverage Areas for Aircraft and 
Satellites, Ref. (Autometrics, 2001) 
5.        Ontar Corporation Family of Products 
Ontar Corporation develops and distributes software dealing with atmospheric 
science and image processing. It currently distributes the U.S. Air Force Research 
Laboratory's MODTRAN model. MODTRAN is used for computing transmission 
through the atmosphere. It provides calculations from the UV through visible, infrared, 
and microwave spectrum. PcEosael is also of interest for tactical communications. It 
provides theoretical, semiempirical, and empirical programs describing the effects of 
electromagnetic propagation in battlefield environments (Ontar, 2001). 
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D.       MILITARY PLANNING METHODOLOGIES 
The following section briefly introduces military planning methodology 
specifically concentrating on the Operations Order (OPORD) and Communications 
Annex to an OPORD. Military planning is a sequential process accomplished at all 
levels of the chain of command from the National Command Authorities through the 
Combatant Commanders to subordinate commanders. It is performed in accordance with 
both joint and service planning publications and guidance. Operation planning is 
accomplished as part of both Deliberate and Crisis Action Planning. Deliberate planning 
is used to prepare for possible contingencies and is conducted mostly in peacetime. 
Crisis Action Planning is based on time critical events as they are happening. 
1. Operations Orders 
Operation Orders are multi-level documents the military uses for all types of 
operations. OPORDs follow prescribed formats and are passed from commanders to 
their subordinate commanders for their execution. OPORDs can be outlined in deliberate 
planning actions, but are not executed until they have been modified to the specific 
situation during Crisis Action Planning. Operation Orders contain annexes detailing the 
specifics for different functions that are to be accomplished in accordance with the order. 
Some of these are communications, logistics, and unit defense. One of the difficulties in 
producing compatible, overarching OPORDs is the variety of specific requirements 
between the individual services and within the warfare communities. 
2. Communications Annex 
The communications annex outlines all of the communication assets and 
placement for use during the accomplishment of an Operations Order. It specifies which 
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communication systems will be used, how those systems will interconnect, and which 
users will be able to communicate. The communications annex provides the details of 
frequencies, the cryptographic equipment and keying material that will be used, and the 
power levels for satellite terminals and Radio Frequency (RF) emitting systems. 
E.       CHAPTER SUMMARY 
This chapter outlines the technology and tools for modeling communication 
systems used for communication signal visualization. This consists of 3D and simulation 
technology, such as VRML, Extensible 3D (X3D), and the IEEE Distributed Interactive 
Simulation (DIS) protocol. Several of the current communication and visualization tools 
utilized by units within the Department of Defense are also examined. Finally, some of 
the operation and communications planning methods of DoD are examined. 
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in. VIRTUAL REALITY MODELING LANGUAGE (VRML), 
EXTENSIBLE MARKUP LANGUAGE (XML), AND 
EXTENSIBLE 3D (X3D) GRAPHICS 
A. INTRODUCTION 
This chapter examines the computer languages that provide the ability to describe 
and generate 3D. The first section provides an in-depth discussion of the Virtual Reality 
Modeling Language (VRML). The second section introduces Extensible Modeling 
Language (XML). The next section describes GeoVRML and the ability to incorporate 
geographic coordinates into VRML scenes.   The last section provides information on the 
next-generation VRML specification, Extensible 3D (X3D) Graphics. 
B. VIRTUAL REALITY MODELING LANGUAGE (VRML) 
Virtual Reality Modeling Language (VRML) is a computer language designed for 
describing and displaying 3D models along with user interactions on them. One of 
VRML's benefits is its recognition as an ISO standard designed for viewing 3D scenes 
using World Wide Web browsers. Using VRML, a designer can describe a 3D model 
that a user can view and interact with using a web browser. 
The examples in this thesis are shown using Cosmo Player 2.1.1 3D-browser 
plug-in developed by the Cosmo Software team of Platinum Technology 
(http://cosmosofrware.com/products/plaver). Cosmo Player is a VRML Plug-in for web 
browsers. Web browsers provide the plug-in frameworks to allow developers to extend 
the functionality of a browser without modifying the browser itself. With the use of plug- 
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ins, web browsers can now support additional file types and formats such as VRML, that 
developers create. 
VRML provides a user with independence of viewpoint and freedom of 
movement allowing them to interact with various 3D models and scenes for example, a 
VRML model of a house can allow a user to walk through the house and examine room 
by room. The various examples in this thesis are shown using the approved VRML97 
standard (VRML, 1997). 
The fundamental design structure in VRML97 is the scene graph. This scene 
graph describes the 3D models, their visual properties and interactions, plus a user's 
interactions with the scene. The scene graph is composed of groups of encoded content 
called nodes. Nodes are added to the scene to display graphical objects such as a Box, 
Sphere, Cylinder (primitive objects), ElevationGrid, or IndexedFaceSet 
(complex polygon representations). These nodes can be grouped together to describe 
more complex objects that can then be used to specify animation or interaction. The two 
basic steps in constructing a scene graph are to specify the visual nodes and appearance 
of the model and then specify the interaction and movement of the model. VRML 
provides a standardized interchange language to create such virtual words so they can be 
viewed with any VRML-capable Web browser. Figure 3.1 implements several of these 
VRML nodes to create a virtual earth (Brutzman, 1998). 
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KVHML V2.0 utf8 
Group   { 
children [ 
]} 
Viewpoint  { 
description "initial view" 
position        6-10 
orientation 0    10 1. 57 
Shape  { 
geometrySphere{  radius  1 } 
appearance appearance { 
texture linage Texture { 
ur1 "earth-topo.png"}}} 
Transform { 
translation 0  -2  1.25 
rotation        0     10       1.57 
children [ 
Shape  { 
geometry Text  { 
string  [ "  Hello"   "world!" 
appearance appearance  { 
material Material  { 
diffuseColor  0.1 0.5  1 
}}>]}]} 
*Sr Netscape 
Figure 3.1       "Hello World" Source Code and Rendered World, 
From (Brutzman, 1998) 
VRML supports a large selection of nodes for composing a 3D scene graph. The 
next sections introduce the key nodes needed to understand the design of communication 
visualization examples in this thesis. 
1.        Visual Nodes 
The visual aspect of a scene graph is described using geometry and appearance, 
combined together using the shape node. The Shape node can contain one instance 
chosen from a variety of geometry including four primitives: the Box, Cone, 
Cylinder, and Sphere. An appearance is associated with each shape to define its 
rendering. Shapes are inserted into the scene graph as nodes. These nodes can be 
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Complex models are often built using specialized 3D authoring software or 
Computer-Aided Design (CAD) software. With these software packages, a user can 
convert and export the object to a VRML IndexedFaceSet node. The 
IndexedFaceSet is used to create complex and realistic shapes in VRML. Once the 
IndexedFaceSet is calculated, it is placed as a value in the geometric field of the 
Shape node allowing it to be manipulated like primitive shapes. 
Shape nodes also contain an Appearance node to allow the designer to specify 
how an object is rendered. The Appearance node is used with the Texture and Material 
nodes to specify texture images and color of the object. The Material node allows the 
specification of diffuse, specular, and emissive color as well as shininess and 
transparency. The Texture node allows images to be placed over an object for increased 
realism. A terrain map or cartographic image can be placed over the elevation data in a 
virtual world to present a more realistic or informative setting (Brutzman, 1998). 
The terrain shown in Figures 3.3 and 3.4 was created using a feature within 
MATLAB that reads DTED files and can generate values for VRML terrain files in the 
formofanElevationGrid (Brutzman and Blais, 2001). Figures 3.3 and 3.4 show 
two views of the Las Pulgas Beach at Camp Pendelton, California. Figure 3.3 displays an 
aerial view of the beach. The colors indicate the relative elevation of the beach.  Figure 
3.4 shows a ground level view from the beach. 
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Figure 3.3       Aerial View of Las Pulgas Beach at Camp Pendelton, California 
Generated from National Imaging and Mapping Agency (NIMA) Digital Terrain 
Elevation Data (DTED) using a Matlab Script, After (Brutzman, Blais, 2001) 
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Figure 3.4       Beach Level View of Las Pulgas Beach, Camp Pendelton, California 
2.        Grouping Nodes 
Grouping nodes are used to combine sets of nodes to create more complex objects 
that can then be manipulated as a single unit object. This modular design simplifies the 
design of action and interactions within large virtual worlds. Grouping nodes are made 
up of the Group,   Transform,   Billboard,   Collision,   and the  Level 
of Detail   (LOD) nodes. 
The Group node is the most basic of the grouping nodes. It specifies a collection 
of subordinate nodes that can be manipulated as a whole. The subordinate nodes of any 
grouping node are referred to as children of the grouping node. The Transform node 
is a critical node for organization and movement of objects in a scene graph. The 
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Transform node groups its subordinate nodes similar to the Group node, but it can also 
bring groups of Group nodes together and move them within a local coordinate system. 
Within the local coordinate system, the Transform node can also specify translational 
rotational, and scaling changes of the children nodes. This is one of the fundamental 
capabilities of a scene graph. The transform node can be combined with interpolator 
nodes (defined below) to create animation in the virtual world. (Brutzman, 1998) 
3.        Viewing and Navigationinfo Nodes 
The Viewpoint node is designed to make navigation easier within a virtual 
world. It allows the designer to add predefined locations and camera angles for viewing 
the scene. These predefined views, when carefully designed, can make navigation easier 
within the virtual world by highlighting object or views the author feels are important. 
These predefined views can be easily accessed through the navigation interface of the 
VRML browser. Exploration of large virtual worlds is also more manageable because 
viewers can jump to another location without needing to manually navigate through the 
world. In Cosmo Software VRML Plug-in displays, shown in Figure 3.5, viewpoint 
information is shown at the bottom left of the screen. 
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Figure 3.5       Cosmo Software VRML Plug-In 
The related Navigationlnf o contains information about the physical 
characteristics of the viewing avatar. These include the physical height, and speed at 
which the avatar can move. The Navigationlnf o node permits an author of a virtual 
world to control how a view moves about the scene. A viewer may be forced or guided 
to walk (rather than fly) though a scene (Brutzman, 1998). Further details and a 3D 
tutorial for navigation in 3-space is provided by the Chomp! demo included in the Cosmo 
Player distribution. Figure 3.6 shows the Chomp! demo. 
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Figure 3.6       Chomp Demo for 3-Space Navigation Practice (Silicon Graphics, 1998) 
4.        Behavior and Event Model 
Nodes in VRML are defined by their fields and events. Fields contain values 
representing the nodes. A behavior in VRML is a change in the field value. Events pass 
behaviors with their timestamp to another field value. Script nodes can either be sinks 
or sources of events. The VRML event execution model defines how VRML processes 
events. After a sensor or script has generated an initial event, the event is propagated to 
other affected nodes. These other nodes may respond by generating additional events, 
continuing until all routes have been honored. This process is called an event cascade. All 
events generated during a given event cascade are assigned the same timestamp as the 
initial event, since all are considered to happen instantaneously. Once the event cascade 
is complete, the results are rendered (Carey, 1997). 
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5.        Interpolators Node and ROUTEs 
After the scene graph has been designed with geometries and virtual objects, it is 
often desirable to animate the scene. VRML uses interpolators and ROUTE nodes to 
perform animation. Interpolator nodes are designed to provide keyframe animation, 
where a position or rotation is specified for only a few, key fractional times. The VRML 
interpolator nodes use these key fractional times and values as a rough sketch of the 
animation and fill in the values between those specified as needed (Ames, 1997). The 
most common interpolators are the position and orientation interpolators, but there are 
also color, coordinate, normal, and scalar interpolators. The position and orientation 
interpolators are used to create translated and rotational animation of objects in the scene 
graph. Script nodes can extend the functionality of interpolators by allowing the 
addition of software algorithms to control the interpolation. 
Once the calculations are completed, the resultant values must be passed to 
Trans form,   Shape, or Appearance nodes for the action to take place. ROUTES 
are used to dispatch events between VRML nodes. For example a ROUTE can take the 
calculated changes from an interpolator and redirect the data into the Transform node. 
The modified field in the Transform node implements the behavior changes in the 
scene graph (Ames, 1997). 
The TimeSensor node drives the animation process. The TimeSensor starts 
and stops animation and control the animation speed. The TimeSensor node provides 
the clock that the interpolators use to output positional data. 
27 
6.        Sensor Nodes 
There are six different sensors in the VRML specification that allow user 
interaction within a scene graph. These are TimeSensor,   TouchSensor, 
VisibilitySensor,   PlaneSensor,   SphereSensor, and 
Cylinder Sensor. Sensors are either triggered by time or user interaction. 
TouchSensor, one of the primary sensors, activates whenever a mouse cursor or 
pointing device is placed over or clicks on the sensed object. TouchSensors are 
useful for turning on and off behaviors and linking to additional information. Script 
nodes are also used to extend sensor functionality. New nodes being added in 
X3D/VRML 200x include KeySensor and StringSensor for keyboard-based string 
input. 
7.        Script Node 
The VRML Script node is used to integrate imperative programming languages 
such as Java and ECMAScript (formerly known as JavaScript) into the scene graph. The 
Script node is used to connect programmed behaviors into a scene. Script nodes 
typically signify a change or user action, receive events from other nodes, and contain a 
program module that performs some computation, thereby effecting change somewhere 
else in the scene by sending events. (VRML SPEC, 1997) The Script node can be 
used with Interpolator and Sensor nodes to add flexibility and more complex 
behaviors. It is often used to perform functions such as network access, physics 
calculations, or a user-interface. 
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8.        PROTO and EXTERNPROTO Definitions 
The PROTO and EXTERNPROTO definitions are used to create new VRML nodes 
as combinations of predefined VRML objects. PROTOs are especially useful for 
constructing large, specialized scene graphs in which an object is used repetitively in 
different ways or in many different worlds. Corresponding terms in X3D parlance are 
ProtoDeclare,   Protolnstance, and ExternProtoDeclare. APROTO 
defining an object needs to be created only once, and then it can be instantiated wherever 
the designer needs to use it. PROTOs provide an efficient way to create large virtual 
worlds in modular fashion. EXTERNPROTO s can be placed in separate VRML files and 
referenced in another scene by instantiating it in the local VRML file. Designers can 
create libraries of complex objects for use in multiple worlds. 
C.        GEOVRML 
The VRML97 specification is a powerful tool for representing 3D worlds. One of 
its drawbacks is the ability for the specification to represent or utilize geographic 
concepts. VRML97 does not address concepts such as latitude/longitude, related 
coordinate systems, or the ability to navigate within these systems. GeoVRML 1.0 
(www.geovrml.org) is a suite of nodes that define geo-referenced scene graph objects and 
data such as maps and 3D terrain models. These nodes can also be viewed using a 
standard VRML plug-in to a web browser. Resarchers at the Stanford Research Institute 
(SRI) developed the GeoVRML suite of nodes and tools using software from the 
Synthetic Environment Data Representation and Interchange Specification (SEDRIS) 
(SEDRIS) project (SEDRIS, 2001). GeoVRML is now available to the public. The key 
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components of GeoVRML are ten specialized PROTO nodes designed for referencing 
and interpolation of virtual worlds through geographic mechanisms. The GeoVRML 
PROTOs use underlying Java code and Script nodes to perform the physically based 
calculations and geographic modeling. The GeoVRML suite is a "Recommended 
Practice" of the Web 3D Consortium (Iverson, 1999). 
GeoVRML nodes perform similar functions to corresponding nodes in the 
VRML97 specification. The left side of Figure 3.6 shows a GeoVRML code fragment 
that builds the geo-referenced virtual scene shown on the right side of the figure. This 
code does not display all of the declarations necessary for full geo-referencing, but it does 
show the major nodes necessary to render a GeoVRML scene. This virtual Earth appears 
similar to the virtual Earth in the original "Hello World" scene in Figure 3.1. The 
original scene was a Sphere node wrapped in a texture map of the Earth. 
The geo-referenced scene in Figure 3.6 is composed of elevation grids geo- 
referenced to the actual latitude and longitude of the location. This scene demonstrates 
the power of GeoVRML by placing an inverted cone at the exact location of Monterey 
California. GeoVRML is a key technology for representing the virtual battlespace 
because it will allow planners and operators to view actual areas using geographical 




geoOrigin IS gooOrigin 
geoSystem ["UTM" ,"Zll"3 
position "3905500 578200 10000000" 
orientation 10 0  -1.57 
description "Welcome to Monterey"   } 
#Build Earth w/ GeoElev. Grid & Lat/long 
Shape { 
appearance Appearance { 
material Material { 
diffuseColor 0.8 1.0 0.3 } 
texture DEF TEX ImageTexture 
{ url "earth.gif" }} 
geometry GeoElevationGrid { 
geoOrigin IS geoOrigin 
geoSystem [ "GDC" ] 





height [0 0 0 0..  
GeoLocation { 
geoSystem [ "GDC" ] 
geoCoords "36.601388 -121.88166 200000" 
# Lat/Long Monterey CA 
children [ 
Transform { 
rotation 10 0 3.1415926 
children [ 
Shape { 
appearance Appearance { 
material Material { 
diffuseColor 10 0}} 
geometry Cone { 
bottomRadius 100000 
height 500000 } 
} ] } ]  } 
(441   total)  ]}} 
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Figure 3.6       X3D Source Code and Rendering for GeoVRMLWorld.wrl, From 
(Murray, 2000) 
GeoVRML allows the conversion of Digital Terrain Elevation Data (DTED) post 
height information provided by the National Imaging and Mapping Agency (NIMA) into 
correctly georeferenced maps for use in virtual worlds. Military mission planning 
requires this type of accuracy for terrain. GeoVRML supports the generation of 
georeferenced terrain for 3D visualization of military plans at any location in the world. 
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The next section introduces the major nodes available in GeoVRML. These 
include GeoOrigin, GeoLocation, GeoPositionlnterpolator, and 
GeoViewpoint. 
1. GeoOrigin 
The currently supported coordinate reference systems in the GeoVRML suite 
assume the virtual world begins at the center of the Earth. In order to gain optimal 
precision of the model, GeoVRML provides the GeoOrigin node to specify the local 
coordinate system. Only one GeoOrigin node is used within a scene, directing a 
browser where to look inside the VRML world and to interpret the geological data. 
(Reddy, 2000) 
2. GeoLocation 
The military uses maps for all types of planning and operational situations. It is 
of critical importance to place objects at precise locations in a virtual battlespace. The 
GeoLocation node provides the capability to place objects in a virtual world using a 
geological reference frame. This node performs in a manner similar to the Transform 
node of VRML97 specification. (Reddy, 2000) 
3. GeoPositionlnterpolator 
In the VRML97 specification, the Transform node is coupled with the 
Positionlnterpolator node to provide smooth motion for animation. In the 
GeoVRML suite, the GeoLocation node is also coupled with the 
GeoPositionlnterpolator. The GeoPositionlnterpolator node 
performs the function of keyframe animation by calculating key values and intermediate 
position in geological coordinates. A time sensor is used to drive the process that passes 
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the coordinates to the GeoLocation node effecting movement of an object about a 
geo-referenced world. (Reddy, 2000) 
4.        GeoViewpoint 
The GeoViewpoint node performs the function of the viewpoint node in the 
VRML97 specification. The GeoViewpoint node allows a designer to specify a 
viewer's location and orientation in a geo-referenced coordinate frame. The 
GeoViewpoint node facilitates navigation within complex GeoVRML worlds. 
D.   EXTENSIBLE MARKUP LANGUAGE (XML) 
Extensible Markup Language (XML) is a markup language defined by the World 
Wide Web Consortium (W3C). XML is designed to allow the definition of structured 
documents. XML is a subset of the Standard Generalized Markup Language (SGML). 
SGML is an ISO standard that facilitates document formatting and processing. Its use 
has expanded to encompass and facilitate all types of data exchange. XML is the 
lightweight version of the full SGML implementation: design provides 80% of the 
functionality (at 20% of the cost) of the full implementation of SGML (World Wide Web 
Consortium (W3C), 2001). 
XML allows the creation of elements or tagsets that describe data. This is 
referred to as metadata, or data describing data. The data in such a document becomes 
self-describing. XML uses entities as the basis for document definition. Each entity has 
attributes defining the way it should be handled. XML provides a formal syntax for 
describing the relationships between the entities, elements and attributes that make up an 
XML document, which can be used to tell the computer how it can recognize the 
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component parts of each document (Bryan, 1997). The Document Type Definition 
(DTD) formally defines the tagsets and relationships used in a document (World Wide 
Web Consortium (WC3), 2000). The DTD ensures document validity by testing the 
document conformance against the set of rules in the DTD.    XML Schemas are similar 
to DTDs. XML Schemas express shared vocabularies and allow machines to carry out 
rules made by people. They provide a means for defining the structure, content and 
semantics of XML documents (World Wide Web Consortium (W3C), 2000). 
E.        EXTENSIBLE 3D (X3D) 
Extensible 3D (X3D) is the next-generation VRML specification. X3D is more 
than an update to the VRML97 specification. X3D is a redesign of both the VRML97 
code structure and encoding. X3D provides an Extensible Markup Language (XML) 
encoding of the VRML97 specification. By using XML, the new X3D standard includes 
a Document Type Definition (DTD) tag set that allows users to develop well-formed and 
validated scene graphs. The extensibility of the XML encoding provides multiple 
additional benefits. Extensibility gives X3D the ability to define and integrate new nodes 
at runtime. X3D has the ability to encode geometries rapidly and also define new 
geometries, which ensures correct the rendering of increasingly intricate models. X3D is 
fully backward compatible with the VRML97 standard by providing identical 
fundamental nodes and structures. X3D also provides an XML schema. The XML 
Schema has been used to automatically generate an X3D Application Program Interface 
(API), the Scene Authoring Interface (SAI) (Goldberg, 2001). 
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By using XML as the basis for X3D, designers now have the ability to create 
geometries that contain XML metadata. Metadata is data describing the geometries in the 
scene graph to other applications that may use the data. Metadata is especially powerful 
for military planners because it provides definable geometries that can be transformed, 
organized, and displayed according to their needs. Of particular interest are 
corresponding metadata references for XHTML (W3C, 2000) and the XML-based 
Resource Description Framework (RDF) (W3C, 2001). 
The X3D-Edit authoring tool makes use of the X3D software suite to allow 
developers to produce valid, syntactically correct scene graphs (Brutzman, 2001). X3D- 
Edit employs and configures IBM's Xeena XML editor (IBM Haifa Research Laboratory, 
2000), which has been configured to facilitate the development of VRML scene graphs 
conforming to the X3D Compact DTD. The tool uses an Extensible Stylesheet Language 
(XSL) (Kay, 2000) to convert X3D documents to documents conforming to the VRML97 
specification. After conversion, X3D-Edit automatically launches a VRML-enabled 
browser for convenient debugging. Figure 3.7 shows a screen capture of X3D-Edit. 
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Figure 3.7       Screen capture of X3D-Edit Tool, From (Brutzman, 2000) 
All modes in this thesis are generated using the X3D development environment. 
Although the VRML97 specification is the basis for the models, X3D provides a 
convenient structure and flexibility for producing valid scene graphs.   Figure 3.8 show 
examples of X3D and VRML code that will render identical worlds. These code sets 
represent the Hello World scene shown in Figure 3.1. 
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#VRML V2.0 utf8 <X3D> 
Group { <Scene> 
children [ <Group > 
<Viewpoint 
Viewpoint { descriptions'initial view' 
description "initial view" orientations"0.0 1.0 0.0 1.57 
position   6-10 position='6.0 -1.0 0.0» 
orientation 0  1 0 1.57 } /> 
<Shape> 
Shape { <Sphere radius='1.0"/> 
geometry   Sphere  { radius 1 ! <Appearance> 
appearance Appearance{ <ImageTexture 
texture ImageTexture { url=""earth-topo.png" " 
url "earth-topo.png '}) /> 
} </Appearance> 
</Shape> 
Transform { <Transform 
translation 0 -2 1.25 rotations'0.0 l.o 0.0 1.57' 
rotation   0  10  1.57 translations'0.0 -2.0 1.25'> 
children [ 
<Shape> 
Shape { <Text strings'"Hello" "world!"' /> 
geometry Text { <Appearance> 
string [" Hello" "world!" ]} <Material 
appearance Appearance { diffuseColor='0.1 0.5 1.0» 
material Material { /> 










Figure 3.8       VRML (left) and X3D (right) Source Code for "Hello World", From 
(Brutzman, 1999) 
F.        CHAPTER SUMMARY 
XML, VRML, GeoVRML, and X3D are the underlying tools used throughout this 
thesis to demonstrate exemplar 3D scenes. These powerful tools facilitate the creation 
and displaying of 3D visualizations using common web browser technology. This 
revolution will enable 3D graphics to become as commonplace as today's 2D web page 
technology. 
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IV.    SCENARIO VISUALIZATION 
A. INTRODUCTION 
This chapter discusses the visualization aspects of a communication scenario. 
The field of scientific and information visualization are introduced as well as the 3D 
graphics palette available in VRML. The commonly used military communication 
systems are presented based on the area of the electro-magnetic radio spectrum they 
occupy. This section also discusses the aspects of visualizing each system. 
B. VISUALIZATION 
As computers become increasingly powerful, the amount of data generated also 
increases. Computers and humans need to analyze the generated data in order to answer 
the research questions for which they are tasked. The field of visualization is concerned 
with presenting large datasets in meaningful ways for useful analysis. The two sections 
below discuss both scientific visualization and its subcategory of information 
visualization. 
1.        Scientific Visualization 
Scientific visualization is the graphical presentation of scientific phenomena for 
visual interpretation. The goal of scientific visualization is to enhance scientific 
productivity by utilizing human visual perception and computer graphics techniques 
(Domik, 1997). Most scientific visualization can be divided into one of two categories. 
The first is the representation of scientific information for technical study. These 
representations seek to provide a researcher with qualitative insights that might not be 
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seen without visualization. The key to this type of visualization is the accurate 
representation of the underlying data. 
A second goal of scientific visualization is to convey information to a 
nontechnical audience. Such visualizations are different because they must provide 
understanding a general audience that may not have insight into the observed phenomena. 
The primary goals of this type of visualization are to provide clarity and user 
understanding of the information. 
2.        Information Visualization 
Large datasets are sometimes difficult to analyze and understand using only 
statistical methods. Information visualization is a subset of scientific visualization that 
deals with the presentation of large data sets of (primarily numeric) information in a 
graphical format. Information visualization seeks to map the data to a visualization 
methodology system that provides viewers with increased understanding. 
The graphical rendering primitives available to represent information include 
lines, points, solids, images, semi transparent surfaces, and text. The attributes of the 
information of interest can be represented by color, size, location, and the relative factors 
of the information attributes. The common forms of information visualization include 
bar or pie charts, graphs, maps, images, and 3D representations. Information 
visualization is a recent and active field of research (Ware, 2000) (IEEE, 2001). 
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C.       3D GRAPHICS PALETTE 
The 3D graphics palette consists of tools and techniques for use within 3D scenes 
to convey information to the viewer. Some of the available tools include color and 
textured appearance, size, distance, and animation. 
1.        Color and Textures 
Color is a key tool in the visualization palette allowing a viewer to quickly 
distinguish between similar objects or parts of the same object. In many applications, 
data ranges are mapped to specific colors for visualization. The VRML color scheme is 
based on RGB colors. The RGB color scale describes any color using numeric values 
specifying the amount of Red, Green, and Blue. Intensities for each of these values are 
based on a zero to one scale. The first value specifies the amount of red that is used, the 
second green, and the third blue. A value of 1 means the color is shown completely. A 
value of zero means that color is not used. For example, blue is (0 0 1) and bright yellow 
is (1 1 0). VRML can also render glowing colors. These colors are also specified as in 
the RGB format in the emissive field of a color node. 
VRML further has the ability to map textures to shapes to present a more realistic 
appearance. These textures can be images or movies. Textures are applied to objects 
depending on the actual shape. A texture applied to a box will place the image on each 
side of the box. A texture on a sphere wraps the image counter clockwise starting at the 
back of the sphere. These considerations need to be taken into account when using 
textures. 
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2. Size and Distance 
The size of objects and distances between them are important parts of 
visualization. Size, or relative size, should accurately reflect the visualized phenomena. 
This prevents viewers from quickly dismissing the scenario as unrealistic. Visual cues or 
references are needed to accurately judge size and distance in 3D. 
3. Navigation 
Large scenes or user worlds that are sparsely populated can be difficult to view. 
The key to navigation is the ability to direct a viewer's attention to an interesting part of 
the scene. VRML provides Viewpoint nodes which allow an author to set specific 
camera shots capturing important scenes within a world. VRML also provides the ability 
for arbitrary user navigation in several modes including walking through, flying over, and 
tilting or rotating the scene. 
4. Animation 
Animation is an effective way to convey information in 3D visualizations. To 
prevent animations from appearing jittery, the visualization frame rate should be greater 
than 10 frames per second. Until recently, this was only achievable on specialized 
computer equipment optimized for graphics processing. In recent years, commodity PC 
hardware can currently generate average frame rates of 6-10 frames per second for large, 
complex scenes. It is expected that the rendering capabilities of commodity PCs will 
continue to improve exponentially. 
VRML utilizes keyframe processing for generating animation. All animations are 
based on a relative time frame whose key ranges from 0 to 1. The position and rotation 
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of an object is specified per key, with the fractional times between 0 and 1. VRML then 
calculates the intermediate values between these key values to give the animation a 
smooth appearance. Overall time frames are then scaled to the actual length of the 
animation. 
D.       RADIO COMMUNICATION 
Radio communication is the generation and detection of electromagnetic waves 
traveling through the air. Heinrich Hertz first demonstrated this ability in 1888. The 
radio spectrum is a subset of the electromagnetic spectrum below infrared and visible 
light. Radio waves are measured in length and frequency, which are inversely 
proportional. Frequency measurements are in cycles per second or Hertz. The radio 
spectrum extends from the Very Low Frequency (VLF) band beginning at 10 kilohertz 
(kHz) to the top Extremely High Frequency (EHF) band at 300 gigahertz. 
The military has communication systems in all bands of the frequency spectrum. 
The visualizations described in this thesis concentrate on the Very, Ultra, and Super High 


























Figure 4.1       Radio Spectrum Frequency Bands, After (Neuhaus, 2001) 
Frequency Band Application 
10 kHz to 30 kHz Very Low Frequency (VLF) Maritime Mobile Telephone Service 
30 kHz to 300 kHz Low Frequency (LF) Radio Beacons for Aircraft Navigation 
300 kHz to 3 MHz Medium Frequency (MF) 
3 MHz to 30 MHz High Frequency (HF) Army Squad Radios 
30 MHz to 144 MHz 
144 MHz to 174 MHz 
174 MHz to 328.6 MHz 
Very High Frequency (VHF) 
Mobile Radio Communication 
328.6 MHz to 450 MHz 
450 MHz to 470 MHz 
470 MHz to 806 MHz 
806 MHz to 960 MHz 
960 MHz to 2.3 GHz 
2.3 GHz to 2.9 GHz 
Ultra High Frequency (UHF) 
Trucked or Conventional Base Radio 
Ground to Aircraft Radio 
Greatest Usage between 806 MHz to 906 
MHz 
Wireless Communication Service 
2.9 GHz to 30 GHz Super High Frequency (SHF) High Capacity Network Transmission 
30 GHz and above Extremely High Frequency (EHF) Point-to-Point Microwave Service 
Table 4.1        Frequency Ranges and Usage of the Radio Spectrum in the United States, 
After (Laflam, 2000) 
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E.        SCENARIO VISUALIZATION 
This section describes tactical communication visualization from a scene and 
scenario point of view. It examines the different types of tactical communications radio 
systems that will be represented. It primarily looks at systems based on the frequency 
band they occupy. The Very High Frequency (VHF), Ultra High Frequency (UHF), and 
Super High Frequency (SHF) are examined. Additionally, satellite systems throughout 
the radio spectrum will be examined for special visualization requirements. 
1.        Very High Frequency (VHF) Communication Systems 
The Very High Frequency band exists in the 30 to 300 megahertz (MHz) range of 
the radio spectrum with wavelengths between 1 and 10 meters. The typical military 
communications systems operate at the lower end of the VHF band. This typically 
increases the maximum range of the transmissions. VHF systems are commonly used in 
mobility requirements because they can provide omni directional area coverage. 
Two common VHF systems are the AN/MRC-145 and the AN/PRC-119. The 
MRC-145 is a vehicle mounted VHF- Frequency Modulated (FM) radio that operates 
between 30 and 87.975 MHz. The MRC-145 provides long-range communications of up 
to 21 miles using an omni-directional antenna. The typical data rate is between 600 and 
4800 bits per second (bps). The PRC-119 is a man-portable radio used in the same 
operating frequencies. It has a range of 5 miles also with a data rate of 600 to 4800 kbps. 
VHF system visualization represents unique requirements because of the large 
omni-directional coverage areas. Physical and man-made objects, such as terrain features 
and large buildings, can also obstruct VHF signals. Vehicles having multiple radios or 
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densely populated troop areas can quickly increase the scenarios complexity. The use of 
many overlapping coverage areas can quickly make UHF signals indistinguishable. 
2.        Ultra High Frequency (UHF) Communication Systems 
The Ultra High Frequency band exists in the 300 MHz to 3-gigahertz (GHz) range 
of the radio spectrum with wavelengths between 0.1 and 1 meter. The typical military 
communications systems operate at the upper end of the VHF band and into the lower 
end of the UHF band. The frequencies between 225.0 and 399.975 MHz are used 
predominantly for air-to-ground communications, but can also be used for local ground- 
to-ground communications also. The range for military air-to-ground systems in the 
UHF band is 200 miles while the ground-to-ground is up to approximately 35 miles 
where there are minimal (or no) obstructions between communication points. 
UHF signal visualization has similar challenges to those dealt with in VHF 
visualization. The UHF ground-to-ground communication applications also require large 
coverage areas with the possibility of many users within a small footprint. The air-to- 
ground signals also provide a challenge in their extremely large operational ranges. 
There are typically only a few personnel that would be in contact with aircraft using 
ground-to-air communications. 
3.        Super High Frequency (SHF) Communication Systems 
The Super High Frequency band exists in the 3 GHz to 30 GHz range of the radio 
spectrum with wavelengths between 0.01 and 0.1 meter. The military employs SHF 
communications for high bandwidth, point-to-point applications. SHF systems are 
operated in line of sight, obstacle gain detraction, or troposcatter modes. LOS operation 
requires an unimpeded path between transmitter and receiver and is used for links up to 
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25-30 miles. Obstacle gain detraction is used for longer distances of up to 60 miles. 
Both transmitters aim at the highest point of the LOS obstruction and use the refractive 
properties of SHF energy to bend the beams to the distant end's receiver. The 
troposcatter method is used for longer link requirements of up to 100 miles. Both end 
points aim at predetermined points on the troposphere and use the refractive energy of 
SHF to bounce their signals off the troposphere. 
The AN/TRC-170 tropospheric scatter radio set and the TER-170 Tropo Satellite 
Support Radio (TSSR) both operate within the SHF band. The TRC-170 utilizes either 
LOS or tropo communication modes. It can transmit up to 4608 Kbps and operates in the 
4.4 to 5.0 GHz range with a bandwidth of 3.5 or 7 MHz. The Tropo Satellite Support 
Radio (TSSR) is a full-duplex, line-of-sight microwave radio terminal used for short- 
range point-to-point military applications. The TSSRs are used to remote equipment or 
personnel by replacing long cable runs. The TSSR operating range is 20 miles. It can 
transmit up to 6144 Kbps and operates in the 14.4 to 15.35 GHz range. 
The primary aspect of the SHF system visualization is how to show point-to-point 
connectivity over long distances. The visualization must also take into account the three 
different modes of operation possible with SHF. Realistic tropospheric scatter and 
refractivity visualization can be particularly challenging. 
4.        Satellite Systems 
Tactical military satellite systems exist across the entire radio-frequency 
spectrum. Communication satellites are usually in a geosynchronous orbit. 
Geosynchronous satellites orbit the earth at a precise altitude above the earth allowing the 
speed of the satellite to equal the speed of the earth's rotation. This enables the satellite 
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to appear stationary from the earth. The geosynchronous satellite coverage area is nearly 
one half of the earth's surface. From a tactical perspective, the visualization of this 
footprint is irrelevant because all battlefield operations are typically visible to a single 
satellite. It is still useful to show users communicating through the satellite, and to also 
the ultimate end points for the communication link. 
F.        CHAPTER SUMMARY 
The field of information visualization provides useful insights into the tactical 
communication visualization problem. It is necessary to represent the communications 
systems so users can understand and act on the increased information presented. One 
way to analyze the communication scenario is to examine each communication frequency 
bands. Each band presents has unique characteristics which must be taken into account 
to create accurate visualizations. 
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V.      SHARED VISUALIZATION OF RADIO CHARACTERISTICS 
USING DISTRIBUTED INTERACTIVE SIMULATION (DIS) 
A.       INTRODUCTION 
This chapter examines the Distributed Interactive Simulation (DIS) protocol and 
how communication entities using DIS can be visualized.   The first section introduces 
the DIS PDU categories. Next, the radio communication family of PDUs is discussed, as 
well as the individual parameters contained within them and how these parameters can be 
visualized. The final section describes the DIS-Java-VRML software toolkit. 
B.        DISTRIBUTED INTERACTIVE SIMULATION (DIS) PROTOCOL DATA 
UNIT (PDU) CATEGORIES 
The DIS standard specifies a set of messages or Protocol Data Units (PDUs) that 
contain ordered data fields conveying state information about the entities in the 
simulation. The DIS standard defines 27 different PDUs, which can be grouped into 6 
categories. The categories will be examined in more detail below. 
1.        Entity Information/Interaction PDUs 
The Entity State and Collision PDUs represent the entity information interaction 
category. The Entity State PDU communicates information about an entity's current 
physical state. State data includes location, velocity, orientation, appearance, markings, 
and position and movement of articulated parts. The Entity State PDU also indicates the 
entity sending the PDU and the team or force to which the entity belongs.  The Collision 
PDU is used to convey information about collisions between two simulated entities, or 
else collision between an entity and an object existing in the virtual environment. 
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DIS applications typically have each entity calculate the current position for all 
entities based on previous state information. This "dead reckoning" of location 
parameters facilitates the variable PDU packet-transmission scheme used within DIS. 
This significantly reduces the amount of PDU traffic required to be sent. The Entity State 
PDU may also be sent periodically to indicate a heartbeat update, or to offset any lost 
PDUs. 
2. Warfare PDUs 
The warfare category represents the use of weapons and effects in the virtual 
battlespace. It consists of Fire and Detonation PDUs. The Fire PDU communicates 
information regarding the firing of a weapon. The Detonation PDU contains information 
about the impact or detonation of a weapon. These are used in conjunction to determine 
the effects of a weapon on other entities in the environment. 
3. Logistics PDUs 
DIS simulations use a series of PDUs to represent logistics functions. These 
include Service Request, Resupply Offer, Resupply Received, Resupply Cancel, Repair 
Complete, and Repair Response PDUs. The logistics activities are controlled through a 
series of request and response messages between entities. 
4. Simulation Management PDUs 
There are numerous PDUs in the simulation management category including 
Start/Resume, Create Entity, and Remove Entity. There are two types of management 
PDUs. They are entity/exercise control and data. The simulation protocol may or may 
not be used depending on the exercise. 
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5. Distributed Emission Regeneration PDUs 
The Distributed Emission Regeneration category consists of the Electromagnetic 
Emission and Designator PDU. The Electromagnetic Emission PDU is used to 
communicate information regarding active electromagnetic emissions, including active 
countermeasures. The Designator PDU is a functional designator for such activities as 
lasing a target to support a laser-guided weapon. 
6. Radio Communications PDUs 
The radio communications family of PDUs contains a transmitter, receiver, and 
signal PDUs. The Radio Communication Protocol (RCP) communicate information 
about both audio and data transmission via radio and Tactical Data Links. The RCP also 
supports actual transmission of information in real-time, or conveyed through a pre- 
recorded database. The visualizations within this thesis are based on data fields within 
the transmitter, signal, and receiver PDUs to ensure compatibility with the underlying 
simulation protocol. 
C.        RADIO COMMUNICATION FAMILY PROTOCOL DATA UNITS 
The radio communication family of Protocol Data Units consists of 3 PDUs: 
transmitter, receiver, and signal. They are used to represent radio objects within 
simulations. Each of the PDUs and their individual parameters will be discussed. The 
three PDUs have two common fields. The first is Entity ID and the second is Radio ID. 
The Entity ID is used to uniquely designate any Entity during a specific exercise. An 
entity could be a tank, plane, military unit, or any other object that can be simulated. The 
Radio ID is used to identify a specific radio within the simulation. 
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There are two types of values within the Radio Communications Family PDUs. 
The first are parameters with enumerated values, which have only a certain number of 
specific values that can be used. The antenna pattern type parameter is a simple example 
of the enumerated field. It can have three different values: beam, omni-directional 
dome, or spherical harmonic. The second type of parameter is a numerical value, which 
can take any value within the specified range. Frequency is an example of a numerical 
parameter. It can take any numerical value between zero and its maximum allocated byte 
size. 
1.        Transmitter PDU 
The transmitter PDU contains all the information needed to specifically identify a 
radio transmitter within a simulation. The information contained within each PDU can be 
used to calculate additional parameters such as signal strength, coverage area, and other 
fields needed to represent transmitted signals. There are a large number of parameters 
used within the transmitter PDU. This section describes the parameters contained within 
the transmitter PDU (IEEE, 1995): 
■ PDU Header. This field shall contain data common to all DIS PDUs. 
■ Entity ID. This field shall identify the entity that is the source of the radio 
transmission. 
■ Radio ID. This field shall identify a particular radio within a given entity. 
Radio IDs shall be assigned sequentially to the radios within an entity, 
starting with Radio ID 1. The combination of Entity ID and Radio ID 
uniquely identify a radio within a simulation exercise. 
■ Radio Entity Type. This field shall indicate the type of radio being 
simulated. 
■ Transmit State. This field shall specify whether a radio is off, powered but 
not transmitting, or powered and transmitting. 
■ Input Source. This field shall specify which position, (pilot, co-pilot, first 
officer, gunnery officer, etc.) or data port in the entity utilizing the radio, 
is providing the input audio or data being transmitted. 
■ Antenna Location. This field shall specify the location of the radiating 
portion of the antenna. 
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Antenna Pattern Type. This field shall specify the type of representation 
used for the radiation pattern from the antenna. 
Antenna Pattern Length. This field shall specify the length in octets of the 
Antenna Pattern Parameters field. 
Frequency. This field shall specify the center frequency being used by the 
radio for transmission. This frequency shall be expressed in units of hertz. 
Transmit Frequency Bandwidth. This field shall identify the bandpass of 
the radio defined by the Radio ID field and the Radio Type field. 
Power. This field shall specify the average power being transmitted in 
units of decibel-milliwatts. 
Modulation Type. This field shall specify the type of modulation used for 
radio transmission. 
Crypto System. This field shall identify the crypto equipment utilized if 
such equipment is used with the Transmitter PDU. 
Crypto Key ID. This field shall consist of 16 bits. The high-order bit, when 
cleared, shall indicate that the crypto equipment is in the baseband 
encryption mode, and when set shall indicate that the crypto equipment is 
in the diphase encryption mode. 
Length of Modulation Parameters. These fields shall specify the length in 
octets of the modulation parameters. 
2.        Receiver PDU 
The receiver PDU contains all the information needed to specifically identify a 
radio receiver within a simulation. Each receiver PDU contains information about the 
entity receiver and can be used to calculate whether a signal was received and if a link 
could be established. This section describes the parameters contained within the receiver 
PDU (IEEE, 1995). 
■ PDU Header. This field shall contain data common to all DIS PDUs. 
■ Entity ID. This field shall identify the entity that is controlling the radio 
transmission. The source entity may either represent the radio itself or 
represent an entity (such as a vehicle) that contains the radio. 
■ Radio ID. This field shall identify a particular radio within a given entity. 
Radio IDs shall be assigned sequentially to the radios within an entity, 
starting with Radio ID 1. The combination of Entity ID and Radio ID 
uniquely identifies a radio within a simulation exercise. 
■ Receiver State. This field shall indicate the state of the receiver, which 
shall either be idle or active. 
■ Received Power. This field shall indicate the radio frequency power 
received, after applying any propagation loss and antenna gain. 
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Transmitter Entity ID. This field shall identify the entity that is the source 
of the transmission that is currently being received. 
Transmitter Radio ID. This field shall identify the particular radio within 
the entity cited in Transmitter Entity ID that is the source of the radio 
transmission. 
3.        Signal PDU 
The signal PDU contains the information being sent between transmitter and 
receiver. These packets contain the actual voice, video, or data emissions being sent by 
the transmitter. This section describes the parameters contained within the signal PDU 
(IEEE, 1995). 
■ PDU Header. This field shall contain data common to all DIS PDUs. 
■ Entity ID. This field shall identify the entity that is the source of the radio 
transmission. The source entity may either represent the radio itself or 
represent an entity (such as a vehicle) that contains the radio. 
■ Radio ID. This field shall identify a particular radio within a given entity. 
The Entity ID, Radio ID pair associates each Signal PDU with the 
preceding Transmitter PDU that contains the same Entity ID, Radio ID 
pair. The combination of Entity ED and Radio ID uniquely identifies a 
particular radio within a simulation exercise. 
■ Encoding Scheme. This field shall specify the encoding used in the Data 
field of this PDU. 
■ TDL Type. This field shall specify the TDL Type as a 16-bit enumeration 
field when the encoding class is the raw binary, audio, application- 
specific, or database index representation of a TDL message. When the 
Data field is not representing a TDL Message, this field shall be set to 
zero. 
■ Sample Rate. This field shall specify either the sample rate in samples per 
second if the encoding class is encoded audio or, the data rate in bits per 
second for data transmissions. If the encoding class is database index, this 
field shall be zero. 
■ Data Length. This field shall specify the number of bits of digital voice 
audio or digital data being sent in this Signal PDU. 
■ Samples. This field shall specify the number of samples in this PDU. 
■ Data. This field shall specify the audio or digital data conveyed by the 
radio transmission. The interpretation of the Data field depends on the 
value of the encoding scheme and TDL Type fields. 
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D.        PDU VISUALIZATION 
The section will discuss the use of the PDU parameters to generate 3D 
visualizations of communication entities. The Radio Entity Type contained within both 
the transmitter and receiver PDUs will not be visibly displayed, but will be used for 
calculations relating to the coverage areas, frequency, power, and signal propagation 
distances. 
Transmitter frequency is a key parameter within the Transmitter PDUs. Different 
colors or texture patterns denote different frequency emissions. This allows an operator 
to easily identify frequency conflicts or problems that could impair necessary information 
passing. The transmitter power parameter coupled with the Radio Entity Type enables 
scaling of the antenna patters such as transmitter domes or transmission propagation 
distances to reflect realistic values. 
The Antenna Pattern Type contains three enumerated fields and describes the type 
of coverage an emitter will generate. The three are omnidirectional,   beam, and 
spherical-harmonic. The beam pattern is further broken down to give more 
information about the directional beam. These subcategories include the beam direction, 
azimuth beamwidth, and elevation beamwidth. The azimuth and elevation beamwidth 
specify the -3 dB (half-power) power-density point in the X-Y plane and X-Z plane, 
respectively. 
The Transmit State parameter enumerates the status of the transmitter: of f,   on 
but not  transmitting, or on and transmitting. The antenna is shown 
without additional information to indicate an off state. This field is visualized with 
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visible domes when the transmitter is on. A lightning-bolt pattern indicates when a radio 
is transmitting and will show the packet path to an acknowledged receiver. 
Once a receiver determines it can successfully receive PDUs from the 
broadcasting transmitter, the receiver renders a line from itself to the transmitter. This 
allows users to easily see the network connectivity between transmitting and receiving 
entities. Note that only receivers render connecting lines, in order to provide a scalable 
and nonrepetitive way of displaying connectivity information. 
The Receiver State parameter is similar to that of the Transmitter State parameter 
in the Transmitter PDU. The Receiver State enumeration can take the following values: 
off,   on but not  receiving, or on and receiving. The representations 
are similar. A receiver in the off state is shown as a stand-alone antenna. The receiver 
that is on,   but not  receiving signals will have a small dome shown over it. 
While it is receiving a signal, the dome is increased in size to indicate receipt of a 
parameter of interest. If the received signal is above the minimum signal strength, a 
connection is shown between the receiver and the transmitter. In this way, the viewer can 
then determine whether a signal is being received, but is not strong enough to close the 
link or is it is not being received at all. 
E.        DIS-JAVA-VRML 
DIS-Java-VRML is an open source software toolkit and library of applications 
that enables VRML / X3D scenes to be DIS compliant through the use of Java 
networking code (Brutzman, 2001). DIS-Java-VRML is designed to provide DIS 
connectivity using the functionality of the Java programming language in standalone 
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mode or compatibly with the 3D modeling and visualization of VRML. It provides a 
scene developer with a set of libraries and examples with which they can develop 
networked 3D virtual worlds.   The goal of the DIS-Java-VRML working group's goal 
was not to invent a new protocol design, but instead to develop Java class libraries and an 
architecture for exchanging DIS packets over a Local-Area Network (LAN) or the 
Internet. 
The combination of VRML script nodes and the Java classes passing information 
through the event in and event out fields allows information to be updated in a VRML 
scene graph. Such network connectivity between 3D virtual worlds makes this 
environment useful as a collaborative planning system. Multiple users can now design 
scenes and interact within a world even though they may be geographically separated. 
The toolkit also facilitates the development of a 3D virtual battlespace containing many 
entities controlled at different locations. 
DIS, Java, and VRML can provide all of the pertinent capabilities needed 
to implement large-scale virtual environments (LSVEs). DIS is essentially 
a behavior protocol tuned for physics-based (i.e. "real world") many-to- 
many interactions. Java is the programming language used to implement 
the DIS protocol, perform math calculations, communicate with the 
network and communicate with the VRML scene. VRML 3D graphics are 
used to model and render both local and remote entities in shared virtual 
worlds. (Brutzman, 2000 website) 
Examples are examined further in the following chapters. DIS-Java-VRML 
development software and models are available at 
(http://www. web3d.org. WorkingGroups/vrtp/dis-iava-vrml'). 
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F, CHAPTER SUMMARY 
The visualization of communication signals is addressed in a two level approach. 
First, the available information must be examined for relevance and suitability for 
visualization. Second, an overview of the communication space and tactical battlefield is 
needed to ensure accurate and effective representation. This two-phase approach will 
help ensure maximum usability for planners and operators. 
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VI.    OPERATIONS AND COMMUNICATIONS PLANNING 
A. INTRODUCTION 
Operational planning is accomplished throughout the military chain of command. 
It is directed by the National Command Authorities and accomplished by the Combatant 
Commanders and their subordinate levels of command. Operational planning takes place 
at strategic, operational, and tactical levels of war. This planning has a cascading effect 
in which the generated operation plan becomes the basis for subordinate planning and the 
generation of next level of orders. This chapter will provide an overview of military 
operations planning and orders, focusing on communication annexes. 
B. OPERATIONS PLANNING 
Military planning is accomplished at all echelons of command and across the full 
range of operations in which the military is involved. Military planning typically falls 
into one of two categories. The first is force planning, which is mostly handled by the 
individual services that are charged with the training, equipping, and providing force to 
the Combatant Commanders. The second is operations planning, summarized in this 
section. Operations planning is directed toward the employment of military forces within 
the context of a military strategy to attain specified objectives for possible contingencies 
(Joint Pub 5-0,1995).   Operations planning is used to created operation plans 
(OPLANs) and operation orders (OPORDs) for all levels of wartime and peacetime 
operations. 
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1. Strategie Level 
Operational planning at the strategic level of war consists of translating the 
country's broad national security objects into strategic military objectives. This planning 
is accomplished between the NCA, Combatant Commanders, and the Joint Chiefs of 
Staff. The plans are realized as theater-level strategies employed by each of the regional 
Commanders In Chief. 
2. Operational Level 
Operation planning at the operational level links the tactical employment of forces 
to strategic objectives (Joint Pub 5-0,1995). The objective of operational-level planning 
is to attain specific goals through campaigns or operations. This planning seeks to 
determine when, where, and how major force employment will take place. 
3. Tactical Level 
Tactical operation planning is the employment and maneuver of military units 
against the enemy. Tactical plans bring maximum combat force to bear against enemy 
units. This level of planning is concerned with engagements and battles. The signal 
planner is primarily concerned about the tactical employment of forces at this level. 
C.       OPERATION ORDER (OPORD) 
An Operation order (OPORDs) is a specifically formatted message that outlines 
actions subordinate units are to take. It is directive in nature. The header of the message 
contains transmission information showing the sender and all recipients of the message. 
The next section contains the task information and all of the forces that are required for 
execution. The beginning text contains information about the message such as when it 
was sent, the classification, and other administrative details. 
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The next section contains information about the overall situation, as it is currently 
assessed. It contains information about both friendly and enemy forces. Next, the full 
mission statement for the operation is given. The next section consists of the execution 
information. This section gives the overall concept of operations so all tasked units can 
understand their role in the bigger operation. The execution information also outlines the 
task assignments and gives the coordinating instructions. The last section contains 
administrative and logistics information. This section also contains the information about 
the command, control, and communications (C3) procedures and systems to be used. If a 
large operation is being planned, C3 information is contained in an OPORD annex 
containing appropriate references to the main OPORD. 
The OPORD structure is part of the United States Message Text Format 
(USMTF) (DISA, 2001). The Defense Information Systems Agency (DISA) maintains 
this text only message-formatting standard. The USMTF was designed to enhance joint 
and coalition warfighting effectiveness through the standardization of message formats, 
data elements, and information exchange procedures (Chairman Joint Chiefs of Staff 
Instruction 6241.01,1996). USMTF has been in use within the DoD for many years. 
Recently, there has been interest in migrating from a text-only solution to an 
Extensible Markup Language (XML)-based solution. This initiative is known as the 
Extensible Markup Language Message Text Format (XML-MTF). The XML-MTF has 
four significant benefits over USMTF. First, USMTF is a 30-year-old technology that 
exists as a government standard thus limiting software acquisition and upgrade choices. 
Second, the USMTF is tied to the 1960s-era Teletypeprinter, which limits the way data 
can be presented in messages. Third, the USMTF is only able to send the information 
61 
that is part of the actual message. It does not allow metadata (information about the 
information) to be transmitted. Lastly, XML will provide a significant improvement in 
the way in which messages can be syntactically checked and then used for higher-level 
information exchange. This facilitates computer-to-computer data processing and 
advanced autogeneration of visualizations as shown in the thesis "Automatically 
Generating A Distributed 3D Battlespace Using USMTF and XML-MTF Air Tasking 
Order, Extensible Markup Language (XML) and Virtual Reality Modeling Language 
(VRML)" (Murray-Quigley, 2000). XML-MTF work is ongoing (XML-MTF 
Development Team, 2001). 
D.        RADIO COMMUNICATION PLANNING 
Communication planning is one part of the larger Command, Control, 
Communication, and Computer (C4) planning that a signal planner must complete. 
Similar to operation planning, it also exists across all echelons of the military. C4 
planning consists of information assurance, satellite communication, frequency spectrum, 
and command and control planning. This section focuses on the tactical communication 
planning dealing with radio communications. 
Communication planning is completed in conjunction with the operation planning 
ensuring support to the overall operation.   Communication planning begins once a signal 
planner receives initial guidance on the supported units' operation plan and preliminary 
request for communications support. Signal planners use a variety of tools to create a 
communication plan. 
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Signal planners utilize planning tools like Mobile Subscriber Equipment - 
Network Planning Terminal (MSE-NPT) and System Planning, Engineering and 
Evaluation Device (SPEED) to develop tactical radio link plans. These tools use Digital 
Terrain Elevation Data (DTED) to determine suitable locations for antennas. They also 
calculate coverage areas for mobile systems. 
Figure 5.1 shows the SPEED Radio Coverage Analysis Tool. This tool uses the 
underlying topographic information to show predicted coverage area for the center radio. 
As depicted, the other two radios should be able to communicate with the center radio. 
SPEED contains most of the common military radios so that a user can quickly input a 
scenario and obtain appropriate results. The inset picture in the upper left hand corner of 
Figure 5.1 shows the surrounding area of the main scene for context. 
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Figure 5.1       SPEED Radio Coverage Analysis Tool showing Center Radio Coverage 
The Radio Coverage Tool can also compute common LOS areas for multiple 
radios. Figure 5.2 shows the common coverage area for the three radios. Additional 
radios could be added to the green region and communicate with all of the other radios 
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Figure 5.2       SPEED Radio Coverage Tool Displaying Common Line of Sight 
Coverage Area for all Three Radios 
Plans outputted using MSE-NPT can be used as input to create 3D scenarios as 
shown in "3D Visualization of Theater-Level Radio Communications Using a Networked 
Virtual Environment" (Laflam, 2000). SPEED 7.0 does not provide the capability of 
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generating output files. SPEED 8.0 will be released in summer 2001. Once released, it 
should be evaluated for the possibility of linking it with a 3D rendering software package. 
E. ANNEX   K   -   COMMAND,   CONTROL,   COMMUNICATION,   AND 
COMPUTER (C4) SYSTEMS 
The Annex K or Command, Control, Communication, and Computer (C4) System 
Annex contains communication section of an OPORD. This allows the document to be 
created and transmitted independently from the rest of the OPORD document. The 
format for the body of the Annex K follows the same format as the ORORD. It gives an 
overview of the situation and assigns tasks to subordinate units. There may be additional 
appendixes containing information about the information assurance plan, overall C4 plan, 
satellite communications plan, defense courier service information, and the frequency 
spectrum plan. In a multi-national operation, an appendix with foreign data exchange 
requirements may also be included. 
F. CHAPTER SUMMARY 
Military operations are complex events with many participants. Military 
operation planning must be completed correctly to synchronize actions of everyone 
involved. Operation planning exists on a continuum across all levels of war from 
strategic to operational to tactical. It also exists within each echelon of command. The 
OPORD provides each unit its assigned role and mission within the overall operation. 
The signal planner is concerned with the mission and specifically the C3 requirements 
outlined in the OPORD. 
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VII. MODELING COMMUNICATIONS PLANNING AND 
OPERATIONS USING THE NATO LAND C2 INFORMATION 
EXCHANCE DATA MODEL (LC2IEDM) 
A. INTRODUCTION 
Future warfare will increasingly rely on ad hoc coalition environments with 
disparate communication and information technology systems. These systems must be 
able to interoperate and exchange data. All Coalition partners must agree upon standards 
prior to the start of operations. NATO is currently evaluating the Land C2 Information 
Exchange Model (LC2IEDM), as part of a bigger Generic Hub (GH) data model, for data 
exchange suitability. The US Navy's Naval Undersea Warfare Command (NUWC) and 
the Institute for Defense Analysis (IDA) are extending this primarily land-focused model 
to incorporate Naval representations. This chapter briefly introduces the data model and 
evaluates its suitability for representing communications planning and operations. 
B. DATA INTERCHANGE 
As the Department of Defense (DoD) progresses along the knowledge pyramid 
from data to knowledge it is trying to attain increasingly higher levels of understanding. 
This understanding is facilitated by interconnected systems. These systems need 
structured formats for passing information. This structured methodology allows systems 
to pass specific information and rely on the other system to represent it correctly. A 
command and control example is an Air Force system passing a structured message 
'Squadron of F-16s at the air base' and having an Army system represent it correctly. 
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Systems use data models to provide such format and message structure.    By 
outlining a format and structure, the data model provides the basis for these systems to be 
able to pass data the other system can understand. This information exchange model 
does not specify the way data must be represented or stored on a specific system. It only 
specifies what and how information must be exchanged between different systems. This 
significantly reduces the number of things that must be specified and gives system 
implementers freedom to extend the specifications to meet their needs. 
The NATO C3 Technical Architecture (NC3TA) Interoperability Reference 
Model describes four levels for classifying a system's interoperability. They are: 
Degree 1: Unstructured Data Exchange. Involves the exchange of 
human-interpretable unstructured data such as the free text found in 
operational estimates, analysis and papers. 
Degree 2: Structured Data Exchange. Involves the exchange of human- 
interpretable structured data intended for manual and/or automated 
handling, but requires manual compilation, receipt and/or message 
dispatch. 
Degree 3: Seamless Sharing of Data. Involves the automated sharing of 
data amongst systems based on a common exchange model. 
Degree 4: Seamless Sharing of Information. An extension of degree 3 to 
the universal interpretation of information through data processing based 
on co-operating applications (NC3TA, 2000). 
The proposed NATO Generic Hub Data Model is a proposal to create a Degree 3 
specification for seamless sharing of data. By adhering to the model, it will also facilitate 
users creating systems that can seamlessly share information. 
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C.      GENERIC HUB 
NATO's automated information exchange plan requires a structured 
representation of information that needs to be exchanged. This representation must be 
specific enough to be meaningful, but also flexible enough so that it can change over time 
to represent new information needs. The model should serve as a hub for countries 
seeking to base new information systems on it. The NATO Generic Hub data model was 
designed to meet these needs. 
The primary goal of the Generic Hub model is an information exchange data 
model. The model will provide the basis for structured information exchange not 
currently available with messaging systems. As a minimum, the NATO nations wish to 
have the GH Data Model preserve the meaning and relationships of the information 
exchanged and thereby attain the interoperability associated with NATO Level 4 of 
System Interconnection (automated exchange of data, with user-imposed constraints, 
between C2IS databases) (NATO, 2000). 
The Generic Hub Data Model uses land combat operations as the generic 
battlespace hub for model. Functional areas of the battlespace can be viewed as spokes 
originating in the hub and extending outward as shown in Figure 6.1. The functional 
areas include Fire Support, Air Support, Administration, Communications and 
Electronics, Intelligence/Electronic Warfare, etc. There are some common 
representations between the functional areas and the generic battlespace hub. This 
ensures data consistency across the model. 
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Combat Service 













Figure 6.1       Generic Hub and Its Relationship to Subfunctional Areas, From (NATO, 
2000) 
D.       LAND C2 INFORMATION EXCHANGE DATA MODEL (LC2IEDM) 
The Land C2 Information Exchange Data Model (LC2IEDM) is the base of the 
generic hub. The structure is meant to be generic and include all land, sea, and air 
operations although it currently focuses primarily on the land portion. It seeks to define 
the information that is relevant to the generic battlespace and also the information that 
has meaning within several of the functional areas. The model describes objects of 
interest including forces, personnel, weather, terrain features, and organizations. The 
data model also includes information about the relationship between objects. An 
individual airman who belongs to the 51st Fighter Wing at Osan AB, Korea is an example 
of specific information that can be represented. 
The data model has five key independent entities. They include OBJECT-ITEM, 
OBJECT-TYPE, CAPABILITY, LOCATION, and ACTION. OBJECT-ITEM entity is 
an individual object that has some significance. An example is a specific person such as 
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a commander. The OBJECT-TYPE entity is a class of objects with significance. This 
could be a type of facility such as an airfield or a type of person such as a specific rank or 
position. The CAPABILITY entity provides the ability to perform a mission or function. 
LOCATION entity is a position within a specific frame of reference. ACTION entity is 
an activity or how that activity may take place. This would include operational plans and 
logistic requests and activities. 
The five secondary entities include CANDIDATE-TARGET-LIST, CONTEXT, 
REFERENCE, REPORTING-DATA, and RULE-OF-ENGAGEMENT. The use of these 
10 independent entities and the relationships between them allow for the full specification 
of a battlespace situation that can be transmitted between systems to convey information. 
E.        THE COMMUNICATIONS-ELECTRONICS EXTENSION FOR 
MODELING COMMUNICATION PLANNING AND OPERATIONS 
The Communications-Electronics (CE) extension describes all facets of 
communication and information areas in the battlespace including design, development, 
installation, operation, and maintenance of systems dealing with collecting, transmitting, 
processing, and displaying of data and information. The scope of the CE extension is 
limited to the communications architecture at a logical level. It deals with the subscribers 
and the networks they use. Current development does not deal with the physical 
architecture, commercial, or strategic communication systems. For example further work 
is needed to fully represent the richness of detail typically contained in a larger operation 
order Annex K. 
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The primary focus of the CE extension is on the logical architecture of tactical 
communication networks. The logical architecture view must address the following: 
network characteristics, subscribers, and the characteristics of the connection. Network 
characteristics include the kind of service provided (voice, data, facsimile), the intended 
use of the network (C2, fire-support), and the network control elements. 
The CE extension adds several entities for specifications of communications and 
electronic systems. These entities include LOGICAL-NETWORK, LOGICAL- 
NETWORK-SERVICE, and LOGICAL-NODE. Both LOGICAL-NETWORK and 
LOGICAL-NODE are subtypes of CONTROL-FEATURE as shown in Figure 6.2. The 
fields of each entity are listed within the node representation. This representation is very 



















Figure 6.2       Communication-Electronics Entities, From (NATO, 2000) 
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F.        COMMUNICATIONS-ELECTRONICS EXTENSION EXAMPLES 
This section will examine two examples utilizing the CE extension. Both 
examples illustrate how logical networks can be represented using the GH model. The 
first network is a two-node network and the second is a four-node network. The 
graphical representation of the examples is shown in Figure 6.3. 
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Figure 6.3       Two Examples of Logical Networks, After (NATO, 2000) 
1.        Two-Node Network (Example A) 
The first example contains two organizational subscribers connected by a single 
bi-directional link. The relevant information from the example is contained in Table 6.1. 
The network is modeled using two LOGICAL-NODES and participating-codes set for 
transmit/receive. Next are the participating organizations identified by organization-id 
and the control-feature-id corresponding to their node-id. The LOGICAL-NETWORK 
describes the network connection between the subscribers. In the example, the network 
capacity is 28800 baud at the NATO SECRET level. The final section is used to 







***-subject-organisation-id ***-object-control-featu re-id ***-index ***-category-code 
012 0307 1 Is user of 
041 0101 1 Is user of 
Note: *** = organisation-control-feature-association 
(c) LOGICAL-NETWORK 
***-id  ||   ***-category-code       ***-minimum-capacity-quantity      ***-security-classification-code 
0909   ||   Sole user network                           28,800                                       NATO SECRET 
Note: *** = logical-network 
(d) CONTROL-FEATURE-CONTROL-FEATURE-ASSOCIATION 
***-subject-control-feature-id ***-object-control-feature-id ***-index ***-category-code 
0307 0909 1 Is part of 
0101 0909 1 Is part of 
Note: *** = control-feature-control-feature-association 
Table 6.1        Two Node Network Example Expressed using Global Hub Notation, From 
(NATO, 2000) 
2.        Four-Node Network (Example B) 
The second example, Figure 6.3, builds on Example A by adding an organization 
that is a receive-only subscriber of the network. An addition link is added that is 
modeled as a separate LOGICAL-NETWORK. The two links are then also modeled as a 















012 0307 1 Is user of 
012 0427 1 Is user of 
041 0101 1 Is user of 
085 0517 1 Is user of 
Note: *** denotes "organisation-control-feature-association" 
(c) LOGICAL-NETWORK 
***-id 
***-category-code ***-minimum-capacity-quantity ***-security-classification-code 
0909 Sole user network 28,800 NATO SECRET 
0744 Sole user network 14.400 NATO SECRET 
0444 Compound network 14.400 — 
Table 6.2 





featu re-id index 
""-category- 
code 
0307 0909 Is part of 
0101 0909 Is part of 
0307 0744 Is part of 
0507 0744 Is part of 
0909 0444 Is part of 
0744 0444 Is part of 
Note: *** denotes "control-feature-control-feature-association". 
Four Node Network Example Expressed using Global Hub Notation, From 
(NATO, 2000) 
The first connection in this example, between ORGANIZATIONS with 
organization-ids 012 and 041 is modeled as it was in Example A. There is a second 
logical node assigned to the ORGANIZATION with organization-id 012 because it has 
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two connections with different characteristics. The new LOGICAL-NETWORK is 
specified similarly as the one in Example A while the compound network is specified as 
an association of the two point-to-point LOGICAL-NETWORKS. 
G.       CHAPTER SUMMARY 
The proposed NATO Generic Hub and LC2IEDM increase the effective and 
efficiency of disparate systems that need to exchange data. The GH data model supports 
higher-level information interchange by standardizing the way the information is 
exchanged. This format is robust and flexible enough to allow a full range of battlespace 
representations to be created. 
The Communications-Electronics extension to LC2IEDM represents 
communication and information processes and systems. It primarily focuses on the 
logical network representation of tactical networks. Modifications to provide strategic 
and commercial network representations are being considered. This will significantly 
extend the usefulness of the model. 
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VIII. DEMONSTRATION OF SIMULATION RESULTS 
A. INTRODUCTION 
This chapter describes and presents antenna prototypes and example scenes 
designed for tactical signal visualization. The goal for these representations is to provide 
intuitively obvious visualizations.  Antenna and signal model prototypes are presented 
first. The prototypes are then incorporated into scenarios showing probable tactical 
employment. Finally, this chapter discusses the potential uses for this system. 
B. DEMONSTRATION OF VISUALIZATION TECHNIQUES 
This section outlines the different visualization models created for this thesis. 
The primitives shown are graphics-palette capabilities such as: color, transparency, and 
shapes. These are the building blocks for the system prototypes. The prototypes provide 
the user with a customizable object that can be used in different ways without having to 
alter the underlying model. 
1.        Signal Primitives 
This section displays the signal primitives used to create the visualization models. 
Figure 8.1 displays the beam prototypes used in point-to-point communication 
applications. The cones on the left are useful to display the spreading of the beam pattern 
as the distance between transmitter and receiver increases. The spreading also presents a 
challenge because it can take up much of the scene at the receiving end obscuring other 
features and this can also be very narrow and "difficult to see" at the transmitter. These 
usability constraints led to the development of the cylindrical displays on the right side of 
Figure 8.1. The cylinders are effective for point-to-point links because they provide a 
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constant diameter for all distances. Figure 8.1 displays both the solid and wire frame 
views that a designer could use. 
Figure 8.1       Beam Cone and Beam Cylinder Signal Prototypes Shown as Solid and 
Wire Frame Objects 
Coverage domes (or half-domes) are an effective way to present area coverage 
systems that communicate with multiple senders or receivers. Two domes are shown in 
Figure 8.2. The frequency of a radio's transmitter or receiver is shown using the color of 
the coverage dome. The coverage domes contain a prototype that generates a color for 
the dome based on the declared frequency. This will help prevent frequency interference 
and show all users communicating on a given frequency. Future work needs to compare 
and contrast usage paradigms for the assignment of graphics rendering parameters to 
communications parameters. 
78 
llDöcumeMDone ' iW^-^M^J- ■& 
Figure 8.2       Two Area-Coverage Domes 
2.        System Visualization 
This section presents the system visualizations designed for demonstrating both 
SHF and UHF communications. Figure 8.3 shows a pair of Tropo Satellite Support 
Radios (TSSRs) with an established link. 
79 
- Netscape 
Eile   Edit   yiew   Qo   Communicator: Help 
GEE 
PBBI g|g]gg^g^ggi|g^ii^isa^iiig^fefiiis^^sg 
Figure 8.3       Two Tropo Satellite Support Radios (TSSR) with an Established Direct- 
Path Link 
The next SHF system is a TRC-170 operating in troposcatter mode by bouncing 
their signals off the troposphere. Figure 8.4 shows an aerial view of two TRC-170s 




Figure 8.4       High Above Two TRC-170s Operating in Troposcatter Mode 
The omni-directional visualizations, typically VHF or UHF systems, use domes to 
indicate both the receivers and transmitters within a scene. They are not differentiated 
except when the transmitter is transmitting. The domes are not intended to represent 
coverage area for the system. Some of the systems have coverage areas of 20 miles line- 
of-sight. The domes quickly grew too large to represent more than a few radios. This is 
an area where 2D visualization is superior to 3D representation. 
Figure 8.5 shows 6 radio domes using 3 different frequencies. Each color 
represents a frequency. The two domes with the red lightning bolts indicate they are 
transmitters. The other four are receivers. The two yellow domes are larger than the 
other four indicating those radios are in the process of communicating. 
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Figure 8.5       Omni Directional Receivers and Transmitters with the Two Larger Domes 
Indicating Active Communication 
Satellite system visualizations are difficult because of the enormous coverage 
areas and distances between the satellite and ground stations. It is useful to depict ground 
receivers and convey connectivity information to users. It is not possible to intelligibly 
view the operating area from a satellite in geosynchronous orbit because of the great 
distance involved. Figure 8.6 shows a satellite ground station with a conical beam 
emanating from it. 
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Figure 8.6       Satellite Ground Station With Transmitting Cone Shown From Above 
3.        Scenario Visualization 
This section details possible communications requirements for an amphibious raid 
and forward movement from the beachhead. This work is part of a larger project 
sponsored by the Defense Modeling and Simulation Office (DMSO) and the U.S. Marine 
Corps called Scenario Authoring and Visualization using Advanced Graphical 
Environments (SAVAGE). The SAVAGE team is developing a 3D visualization of a 
Marine Corps amphibious assault using VRML and X3D and a scenario-authoring tool 
for control of the visualization. 
The amphibious assault is launched from a Landing Platform-Docking (LPD). 
The raid force is embarked on three Advanced Amphibious Assault Vehicles (AAAVs). 
Figure 8.7 shows the three AAAVs with VHF radios represented by the omni-directional 
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domes. The command vehicle (center) has two radios represented by the two domes. 
The yellow dome represents a transmitter set to the same frequency as the other two 
AAAVs. Those radios are in standby mode indicated by the smaller domes. The blue 
dome on the command vehicle is a receiver. It is larger than the other domes indicating it 
is receiving from the LPD in the background of the scene. The cone extending from the 
LPD indicates a satellite connection. 
vEile vEdH;^^w^fio ^fiommimi^or^belp ^,/^.~::4ä4*;£'^ 
KESISsälSäsaTDÖraiSonfDonäS^IS^iSf^ j——P ■ ,      -     i       3,-j ^ a^^'^Z^'l 
Figure 8.7       3 Advanced Amphibious Assault Vehicles Shown Communicating After 
Launching from the Landing Platform-Docking 
Figure 8.8 shows an overview of the beach communications. It includes two 
TRC-170 pairs operating in troposcatter mode. It includes a satellite link and two short 
TSSR point-to-point links. This scenario displays the possible system representations 
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that may be used by tactical units. It is not meant to represent the actual tactical doctrine 
for communications after an amphibious raid. 
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Figure 8.8       Follow-on Communication using Troposcatter Satellite Support Radios 
and TRC-170 in Troposcatter Mode 
C.        USE OF VISUALIZATION IN COMMUNICATION PLANNING AND 
OPERATIONS 
Both signal planners and operators will benefit from better understanding of 
communication capabilities. Signal planners are better able to support operators through 
problem recognition and correction. This includes frequency deconfliction, recognition 
of degraded signal areas, and optimum antenna placement based on terrain. The 
operators can better understand the effects that maneuver operations may have on their 
communications. They can also see coverage areas that in turn influence operating 
decisions and choice of operating areas. 
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D.       CHAPTER SUMMARY 
Signal planners and operators will benefit from the increased understanding of the 
tactical situation through the use of 3D visualizations. The visualizations shown in this 
chapter demonstrate what can be done using DIS-Java-VRML open-source toolkit. Both 
the 3D communications building blocks and scenarios created for this seek to 
demonstrate what can be developed and the utility of this development. 
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IX.    CONCLUSIONS AND RECOMMENDATIONS 
A.       INTRODUCTION 
This chapter outlines the conclusions drawn from the communication 
visualization work completed for this thesis. The future work necessary to enhance these 
exemplar scenes are and work are also addressed. 
B.       THESIS CONCLUSIONS 
1.        3D Tactical Visualization Of Communications 
The tactical scenes and scenarios developed for this thesis demonstrate that it is 
possible to create 3D visualizations of communications signals and systems. The goal for 
these visualizations was to be inherently obvious to the viewer. These visualizations do 
convey useful information that is not currently available in the 2D planning systems used 
throughout the DoD. These visualizations, however, are not inherently obvious. Both 
signal planners and operators who must understand communication coverage areas and 
connectivity between forces can use these tactical visualizations to gain a better 
understanding of the battlefield. 
Using actual terrain representations can allow users to determine interference or 
possible signal degradation visually facilitating problem discovery. It is still difficult to 
visualize communication systems connected over long distances (greater than 10 miles). 
To view the entirety of such visualizations, the viewpoint must be a long distance from 
the system. 
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2. Open-Source Software Toolkits 
The open source toolkit consisting of VRML and X3D graphics, IEEE DIS, and 
the Java language provides a thorough framework that can be utilized to develop 3D 
communication visualizations in a relatively short amount of time (less than 1 year). 
These visualizations can be displayed using commercial web technology on commodity 
PCs widely available throughout the DoD. The software toolkit also enables 
collaborative planning at different locations through network connectivity. 
3. Operation Orders Using The Global Hub Data Model 
The Global Hub data model is currently proposed for the interchange of data 
between NATO systems. It provides a robust capability for many operational scenarios 
by providing the ability to define equipment and objects and relationships. It represents 
logical networks defined by who is connected to whom. It does not however have the 
fidelity to fully represent all of the communication information contained within an 
operation order annex K. 
C.        RECOMMENDED FUTURE WORK 
1. Physics-Based Signal Propagation 
The current signal visualizations are done independent of any signal propagation 
models. The use of the DIS transmitter, receiver and signal PDU parameters and terrain 
data can be used to compute signal strength and degradation areas. This can provide 
signal planners increased understanding and make planning easier. 
2. Dynamic 3D Terrain Visualization 
The current communication system models could be used in any virtual 
environment. Currently, there are only a few battlefield scenarios containing actual 
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terrain data. While Digital Terrain Elevation Data is available for nearly the entire world, 
the ability to auto-generate 3D representations does not exist. The ability to auto- 
generate 3D terrain given a set of coordinates would facilitate battlefield environment 
creation for any operating location in the world. 
3. Autogeneration of 3D from an Operation Order Annex K 
Current signal planning is accomplished manually using some of the 2D systems 
discussed in this thesis. It will be extremely useful for these systems to be able to process 
operation order information dealing with communications and produce 3D 
representations of the tactical battlespace. This ability has been shown using an XML 
Air Tasking Order (ATO) and should be applied to communications planning. This 
would require the adoption an extensible operation order for communication like XML- 
MTF or the Global Hub data model and the 3D models for the visualization. 
4. Virtual Reality Toolbox 
MATLAB by MathWorks, Inc. (www.mathworks.com') recently incorporated 
support for VRML with the addition of the Virtual Reality Toolbox by Humusoft, Inc 
(www.humusoft.com'). Matlab contains signal representation capabilities and supports 
equation development. These capabilities and the addition of the VRML toolkit should 
be investigated for future use in 3D signal representations. 
5. MathML 
The possible integration of MathML as a scripting language and presentation 
format for 3D equations may hold great promise for extending the functionality of 
VRML / X3D. MathML could be used to store propagation equations and signal and 
path loss equations. MathML should be investigated because it stores equations in a 
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language-neutral way. Such language neutrality can facilitate the storing of equations for 
future compatibility with numerous computational systems. 
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APPENDIX A.     ABBREVIATIONS 
2D Two-Dimensional 
3D Three-Dimensional 
AAAV Advanced Amphibious Assault Vehicles 
API Application Program Interface 
ATO Air Tasking Order 
BPS bits per second 
C3 Command, Control, and Communication 
C4 Command, Control, Communications, and 
Computer 
CAD Computer-Aided Design 
CE Communications-Electronics 
CECOM US Army Communications Electronics Command 
DARPA Defense Advanced Research Projects Agency 
DIS Distribute Interactive Simulation 
DISA Defense Information Systems Agency 
DMSO Defense Modeling and Simulation Office 
DTD Document Type Definition 
DTED Digital Terrain Elevation Data 
EHF Extremely High Frequency 
FM Frequency Modulated 
GH Generic Hub 
GHz Gigahertz 
HTML Hypertext Markup Language 
IDA Institute for Defense Analysis 
IEEE Institute of Electrical and Electronic Engineers 
ISO International Standards Organization 
JRE Java Runtime Environment 
LC2IEDM Land C2 Information Exchange Data Model 
LEO Low Earth Orbiting 
LOD Level of Detail 
LPD Landing Platform-Docking 
LSVE Large Scale Virtual Environments 
MCTSSA Marine Corps Tactical Systems Support Activity 
MGRS Military Grid Reference System 
MHz megahertz 
MSE-NPT Mobile Subscribe Equipment- Network Planning 
Tool 
NATO North Atlantic Treaty Organization 
NC3TA NATO C3 Technical Architecture 
NCW Network Centric Warfare 
NIMA National Imaging and Mapping Agency 
NUWC Naval Undersea Warfare Command 
OPORD Operations Order 
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PC Personal Computer 
PDU Protocol Data Units 
PLRS Position Locating and Reporting System 
RCP Radio Communication Protocol 
RF Radio Frequency 
RGB Red Green Blue 
SAVAGE Scenario Authoring and Visualization using 
Advanced Graphical Environments 
SEDRIS Synthetic Environment Data Representation and 
Interchange Specification 
SGML Standard Generalized Markup Language 
SHF Super High Frequency 
SIMNET S imulator-Network 
SPEED System Planning, Engineering and Evaluation 
Device 
SRI Stanford Research Institute 
STK Satellite Tool Kit 
TSSR Tropo Satellite Support Radio 
UHF Ultra High Frequency 
USMC United States Marine Corps 
USMTF United States Message Text Format 
VHF Very High Frequency 
VLF Very Low Frequency 
VRML Virtual Reality Modeling Language 
W3C World Wide Web Consortium 
WWW World Wide Web 
X3D Extensible 3D 
XML Extensible Markup Language 
XML-MTF Extensible Markup Language Message Text Format 
XSL Extensible Stylesheet Language 
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APPENDIX B.     SOFTWARE AVAILABILITY AND 
INSTALLATION SUMMARY 
A. INTRODUCTION 
This appendix describes the availability and installation for most of the software 
packages used to generate this thesis. Much of the software is included on the CD with 
this thesis. If the CD is unavailable, this section provides instructions for downloading 
and installing the software. 
B. VIRTUAL REALITY MODELING LANGUAGE (VRML) BROWSER 
To view Virtual Reality Modeling Language (VRML) scenes, one must have a 
VRML-capable browser. This section describes the software availability and an 
overview of the installation instructions. The current VRML viewer of choice is Cosmo 
Player running on Netscape Navigator 4.7 because it fully supports Java integration. 
1. Netscape Navigator 4.7 
If you do not have Netscape Navigator installed on your system, download it from 
http://home.netscape.com/download/sd cc32d477en.html and follow the installation 
instructions. 
2. Cosmo Player 
Cosmo Player (version 2.1.1) VRML plug-in is available at 
http://www.cai.com/cosmo/. To install Cosmo Player, download the appropriate player 
for your system. Follow the directions on the web site. Cosmo Player works best with 
Netscape Navigator 4.7. 
These two steps will allow you to view VRML 3D files. 
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3. Naval Postgraduate School (NPS) Military Models Library 
The Naval Postgraduate School Military Models Library is maintained at 
http://web.nps.navv.miy~bmtzman/vnnl/examples/NpsMilitarvModels/toc.htmlandcan 
be viewed individually or downloaded as a complete archive. All of the communication 
models developed for this thesis are available in the Communications And Sensors 
folder. 
4. Extensible 3D (X3D) Edit 
This section details the steps necessary to view and create Extensible 3D (X3D) 
models in X3D Edit. X3D Edit was used to create all of the models contained in this 
thesis. Step-by-step instructions are available at 
http://www.web3D.org/TaskGroups/x3d/translation/README.X3D- 
Edit.html#Installation 
The Java Runtime Environment (JRE) is necessary for installation of X3D Edit. 
The JRE is available from Sun Microsystems at http://java.sun.eom/i2se/l .3 . This is a 
large file and should be downloaded over a high-speed connection if at all possible. 
Next, download and install Xeena from IBM Alphaworks 
http://www.alphaWorks.ibm.com/tech/xeena. Be sure to install version 1.2EA. 
X3D-Edit is available from 
http://www.web3D.org/TaskGroups/x3d/translation/X3D-Edit.zip It should be unzipped 
to the top level of the C:\ drive. 




5.        DIS-Java-VRML Software Toolkit 
The DIS-Java-VRML software toolkit is available at 
http://www.web3d.orgAVorkingGroups/vrtp/dis-iava-vrml/download.html with complete 
installation instructions. 
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